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ABSTRACT
Heating by short-lived radioisotopes (SLRs) such as 26Al and 60Fe fundamen-
tally shaped the thermal history and interior structure of Solar System planetesimals
during the early stages of planetary formation. The subsequent thermo-mechanical
evolution, such as internal differentiation or rapid volatile degassing, yields important
implications for the final structure, composition and evolution of terrestrial planets.
SLR-driven heating in the Solar System is sensitive to the absolute abundance and
homogeneity of SLRs within the protoplanetary disk present during the condensation
of the first solids. In order to explain the diverse compositions found for extrasolar
planets, it is important to understand the distribution of SLRs in active planet for-
mation regions (star clusters) during their first few Myr of evolution. By constraining
the range of possible effects, we show how the imprint of SLRs can be extrapolated
to exoplanetary systems and derive statistical predictions for the distribution of 26Al
and 60Fe based on N -body simulations of typical to large clusters (103-104 stars) with
a range of initial conditions. We quantify the pollution of protoplanetary disks by su-
pernova ejecta and show that the likelihood of enrichment levels similar to or higher
than the Solar System can vary considerably, depending on the cluster morphology.
Furthermore, many enriched systems show an excess in radiogenic heating compared
to Solar System levels, which implies that the formation and evolution of planetesimals
could vary significantly depending on the birth environment of their host stars.
Key words: planets and satellites: terrestrial planets, formation – stars: supernovae
– protoplanetary discs
1 INTRODUCTION
The presence of short-lived radioisotopes (SLRs) during the
early stages of planetary formation is of central importance
in the view of core-accretion planet formation models. In
the Solar System, the radioactive decay of 26Al was the
main heat source of the earliest planetesimals and plan-
etary embryos during the first few Myr (Grimm & Mc-
Sween 1993) after the formation of Calcium-Aluminum-rich
inclusions (CAI). Their interior thermo-mechanical evolu-
tion facilitated differentiation and thus mineralogical, pet-
rographical and structural evolution (Hevey & Sanders 2006;
Moskovitz & Gaidos 2011; Lichtenberg et al. 2016) and pos-
sibly affected the total volatile budget (Young et al. 1999; Fu
& Elkins-Tanton 2014). Subsequent collisional interactions
during runaway growth shaped the core-to-mantle ratio and
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determined the building material of terrestrial planets like
Earth (O’Neill & Palme 2008; Bonsor et al. 2015). With
differing initial abundances of SLRs and thus heating rates
many of these mechanisms would change and potentially re-
sult in drastically different planetary compositions.
SLR tracers in the meteoritic record additionally pro-
vide stringent constraints on the birth environment of the
nascent Solar System (Lee et al. 1976). Some of them, like
10Be, can be explained by solar energetic particle irradia-
tion, but others, most importantly 26Al and 60Fe, suggest
an external, stellar nucleosynthetic source. To complicate
the picture, their concentrations are too elevated to be con-
sistent with galactic background levels (Meyer & Clayton
2000), with the short half-lives (0.7 Myr for 26Al, 2.6 Myr
for 60Fe) implying a late stage enrichment.
Numerous attempts have been made to link the in-
ferred SLR abundance levels to a specific injection chan-
nel including triggered collapse of the presolar cloud core
c© 2016 The Authors
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(Cameron & Truran 1977), potentially with former enrich-
ment by the winds of a massive star in a sequential trig-
gering process (Tatischeff et al. 2010; Gounelle & Meynet
2012; Young 2014), or the direct pollution of the circumstel-
lar disk by supernova ejecta (Clayton 1977; Chevalier 2000).
The difficulties in measuring excess abundances of 60Fe, the
strongest argument for a direct supernova injection mecha-
nism, so far failed to converge on a preferred order of mag-
nitude (Tachibana & Huss 2003; Quitte´ et al. 2010; Tang &
Dauphas 2012; Mishra et al. 2016). While triggered star for-
mation is a much-debated issue (Dale et al. 2015), we con-
sider intra-cluster enrichment mechanisms, like direct disk
injection from the winds of nearby massive stars or super-
nova ejecta, to be inevitable to some extent.
Even though the specific enrichment channel of the So-
lar System is still under much debate (e.g., Davis et al.
2014; Adams et al. 2014; Parker et al. 2014a; Schiller et al.
2015; Boss & Keiser 2015; Parker & Dale 2016), attempts
are ongoing to extrapolate the predictions by the proposed
enrichment channels to extrasolar and even galactic scales
(Gounelle 2015). In the context of the rapidly evolving field
of exoplanetary studies (Benz et al. 2014) the injection effi-
ciency and hence distribution of SLRs on larger scales link
the geodynamical processes in forming planetary systems to
its stellar birth environment.
Altough many implications of SLR-dominated heating
in planetesimals of sizes greater than ∼10 km are now un-
derstood (e.g., Hevey & Sanders 2006; Elkins-Tanton et al.
2011; Elkins-Tanton 2012; Weiss & Elkins-Tanton 2013; Go-
labek et al. 2014; Lichtenberg et al. 2016), the detailed
coupling between interior thermo-mechanical-chemical evo-
lution, collisional growth and subsequent effects on the final
planet outcome remains elusive (Fu & Elkins-Tanton 2014;
Gerya et al. 2015; Bonsor et al. 2015; Carter et al. 2015).
Nonetheless, with the goal of an observationally consistent
theory of planetary assembly in mind, it is crucial to under-
stand the distribution of SLRs on larger, like interstellar or
galactic, scales.
Thus, in this work, we derive statistical predictions for
the distribution of 26Al and 60Fe, the two main nucleosyn-
thetic SLR heat sources, from the direct pollution of cir-
cumstellar disks in young star clusters. The structure of the
paper is as follows. In Sect. 2 we describe the N -body simu-
lations and the post-processing calculations, which take into
account the dynamical evolution of the star cluster as well
as the injection and mixing of supernova ejecta in the disks,
as they evolve over time. We present our results in Sect.
3, focusing first on the dynamical evolution of the cluster
populations, and secondly the predictions for the SLR dis-
tribution in them. We discuss the results and limitations of
our study in Sect. 4 and comment on the implications of our
study on volatile degassing, planet population synthesis and
the enrichment of the Solar System. We draw conclusions in
Sect. 5.
2 METHODOLOGY
Our method to derive predictions for the SLR abundances
in star forming regions is built on a large suite of N -body
simulations of stellar clusters from 103–104 stars. This cor-
responds to the cluster mass required to form stars massive
enough to explode as supernovae during the protoplanetary
disk phase (Portegies Zwart 2009; Adams 2010), assuming
a fully sampled initial mass function (Parker & Goodwin
2007; Weidner et al. 2010).
We use N -body simulations with stellar evolution to
determine the distances to the supernova(e) of all low-mass
stars as a function of the initial conditions of the cluster.
We then analyse these simulations using a post-processing
routine, which semi-analytically treats details of the pollu-
tion mechanism and introduces assumptions about proto-
planetary disk lifetimes and isotope mixing. In Sect. 2.1 we
present the setup and reasoning of the numerical simulations
and explain the post-processing routine in Sect. 2.2.
2.1 Star cluster setup
Our model clusters initially have either 103 or 104 stars
drawn from the initial mass function of stars (IMF) from
Maschberger (2013), with a mass range of M? = 0.01 −
50M. This combines the log-normal approximation from
Chabrier (2003) with the Salpeter (1955) power-law slope
for stellar masses > 1 M. The probability density function
for the Maschberger IMF has the form
p(m) ∝
(
m
µ
)−α(
1 +
(
m
µ
)1−α)−β
, (2.1)
with the average stellar mass µ = 0.2 M, the Salpeter
power-law exponent α = 2.3 for higher mass stars and
β = 1.4 is used to determine the slope of the low-mass part
of the distribution.
We adopt two different spatial morphologies for the ini-
tial conditions of our star clusters; smooth and substruc-
tured. The spatial distribution of stars in older clusters is of-
ten observed to be smooth and centrally concentrated. These
clusters can often be approximated with a Plummer (1911)
or King (1966) profile.
Formally, Plummer spheres are infinite in extent, and
are usually described in terms of their half-mass radius. We
use Plummer spheres with positions and velocities deter-
mined by the prescription in Aarseth et al. (1974), with ini-
tial half-mass radii of 0.3 and 0.4 pc.
Stars are observed to form in filaments (e.g. Andre´
et al. 2014), which usually results in a substructured spatial
and kinematic distribution for stars in a given star-forming
region (Cartwright & Whitworth 2004; Sa´nchez & Alfaro
2009).
We set up star-forming regions with primordial sub-
structure using the fractal distribution in Goodwin &
Whitworth (2004). Note that we are not claiming that
star-forming regions are fractals (although they may be,
Elmegreen & Elmegreen 2001), but rather that fractals are
the most convenient way of setting up substructure because
the amount of substructure is set by just one number, the
fractal dimension D.
For a detailed description of the fractal set-up, we refer
the interested reader to Allison et al. (2010) and Parker et al.
(2014b), but we briefly summarise it here. The fractal is built
by creating a cube containing ‘parents’, which spawn a num-
ber of ‘children’ depending on the desired fractal dimension.
The amount of substructure is then set by the number of
children that are allowed to mature. The lower the fractal
MNRAS 000, 1–15 (2016)
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Table 1. Initial settings for all types of N -body simulations,
which we follow for 10 Myr in total. All simulations are initialised
using D = 1.6 and αvir = 0.5. From left to right, the columns are
the number of stars, N?, the initial morphology, and either the
initial radius of the fractal Rcl, or the initial half-mass radius of
the Plummer sphere r1/2. To account for statistical variations we
perform 30 simulation runs for each type.
N? Morphology Rcl or r1/2 [pc]
103 Fractal 1.0
103 Plummer 0.3
103 Plummer 0.4
104 Fractal 1.0
104 Fractal 3.0
104 Plummer 0.3
104 Plummer 0.4
dimension, the fewer children are allowed to mature and the
cube has more substructure. Fractal dimensions in the range
D = 1.6 (highly substructured) to D = 3.0 (uniform distri-
bution) are allowed. Finally, outlying particles are removed
so that the cube from which the fractal was created becomes
a sphere; however, the distribution is only truly spherical if
D = 3.0. We adopt D = 1.6 throughout this paper, and the
fractals have initial radii of 1 and 3 pc.
To determine the velocity structure of the cloud, chil-
dren inherit their parent’s velocity plus a random compo-
nent that decreases with each generation of the fractal. The
children of the first generation are given random velocities
from a Gaussian of mean zero. Each new generation inher-
its their parent’s velocity plus an extra random component
that becomes smaller with each generation. This results in a
velocity structure in which nearby stars have similar veloci-
ties, but distant stars can have very different velocities. The
velocity of every star is scaled to obtain the desired virial
ratio of the star-forming region.
The virial ratio, αvir = T/|Ω|, where T and |Ω| are the
total kinetic and total potential energy of all stars in the
cluster, respectively. Parker et al. (2014a) found that the
amount of enrichment is insensitive to the initial virial ratio
in the range αvir = 0.3 (bound and initially collapsing) to
αvir = 0.7 (unbound with some initial expansion). Therefore,
all clusters were initialised in virial equilibrium, with αvir =
0.5.
Our model clusters are evolved using the kira integra-
tor within the starlab package (see, e.g., Portegies Zwart
et al. 1999, 2001) and we implement stellar evolution us-
ing the seba code (Portegies Zwart & Verbunt 1996, 2012),
also in starlab. The clusters are evolved for 10 Myr, which
encompasses the majority of protoplanetary disk lifetimes,
stars & 19 M will explode as supernovae and the major-
ity of dynamical interactions that could disrupt disks occur
within this timeframe.
To account for the stochasticity inherent in star cluster
evolution (Parker & Goodwin 2012; Parker et al. 2014a),
we ran 30 versions of each set of initial conditions, identical
apart from the random number seed used to generate the
masses, positions and velocities. A summary of the initial
settings can be found in Tab. 1. Finally, each simulation
was run for 10 Myr, the higher end tail of protoplanetary
disk lifetimes and thus the relevant timescale for supernova
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Figure 1. Isotopic yields of 26Al and 60Fe per supernova pro-
genitor mass with data from Woosley & Weaver (1995); Rauscher
et al. (2002) (denoted as WW95/R02) and Limongi & Chieffi
(2006) (LC02). To achieve a yield function we fit the data lin-
early. The regressions scale as: Mej,tot ∝ 0.68M?, Mej,Al ∝
3.4× 10−6M? and Mej,Fe ∝ 5.6× 10−7M?.
pollution of circumstellar disks (see, e.g., Haisch et al. 2001;
Lada & Lada 2003; Mamajek 2009; Bell et al. 2013; Cloutier
et al. 2014).
2.2 Enrichment mechanism
It is common for young stars to form close together in a
cluster and therefore supernova progenitor stars are found
in the vicinity of less massive stars (Lada & Lada 2003).
After several Myr of evolution the progenitor(s) explode as
core-collapse supernovae, ejecting their SLR-enriched outer
shells into the local environment. Parts of the ejecta ma-
terial are injected into circumstellar disks via cross-section
capture, mixed into the disk and subsequently incorporated
into forming solid bodies. In the following we describe each
physical process from the SLR-ejection of supernova pro-
genitor stars down to the mixing in the disk and present
our post-process implementation in order to derive statisti-
cal predictions for the distribution of SLRs in stellar clusters
with 103– 104 stars.
First, we use the N -body simulations to determine the
locations of stars when a massive star goes supernova and
the relative positions of low-mass stars in the cluster with re-
spect to the supernova. By fitting the supernova yield predic-
tions from Woosley & Weaver (1995); Rauscher et al. (2002);
Limongi & Chieffi (2006) we assign each supernova event to
a specific absolute mass of SLR material, as shown in Figure
1.
Using the formulation of Ouellette et al. (2007, 2010),
the transport and injection physics of supernova yields to
a disk can be broken down into 3 parameters: the conden-
sation efficiency of metals in the ejector shock front ηcond,
the cross-section factor of a protoplanetary disk with the
ejector front ηgeom and the injection efficiency into the disk
ηinj. Ouellette et al. (2010) discussed the observational con-
straints of ηcond and arrived on a possible parameter range
of ηcond = 0.01–1. Since then, however, evidence of efficient
MNRAS 000, 1–15 (2016)
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solid condensation in ejector fronts has arisen (Matsuura
et al. 2011) and it seems indeed possible that ηcond is close
to ∼1. To take a conservative approach and to account for
potential variations between different supernova events we
chose ηcond = 0.5 throughout our analysis. The geometrical
cross-section of a random disk with supernova ejecta can be
easily calculated (Adams et al. 2014) via
ηgeom =
pir2disk
4pid2
cos θ, (2.2)
with rdisk the radius of the circumstellar disk (see Sect. 2.3),
d the distance between donor and acceptor star and θ = 60◦
the average disk alignment with respect to the ejector for a
random distribution. For this purpose we neglected the time
interval dt between the supernova outburst and the time of
arrival, as average travel times in such a scenario are of the
order of dt ≈ 100 yr (Ouellette et al. 2010), i.e., negligible
in comparison with the evolutionary timescale of the disks,
their half-lives and the cluster dynamical timescale.
The injection efficiency ηinj is determined by the size
distribution of condensed grains in the supernova ejecta, as
large grains can be easier injected. For the case of a grain size
distribution in accordance with presolar grains of supernova
origin, like meteorite grain sizes in the Solar System (Amari
et al. 1994), the injection efficiency into the disk structures
is ≈ 0.9 (Ouellette et al. 2010). However, we assume that
the average dust grain size is smaller, ∼ 0.1µm, consistent
with the size distribution of interstellar grains (Mathis et al.
1977), in which case ηinj ≈ 0.7 (Ouellette et al. 2009). In
general, whenever we had to decide between an approach
which would boost final enrichment abundances versus one
which is expected to lower them, we chose the latter, which
we see as a conservative way of not overestimating the effects
of direct supernova pollution.
When the SLRs are injected into the disk they must
be mixed into the disk material on a relatively short time
scale as is implicitly assumed in when using 26Al as a Solar
nebula chronometer in cosmochemic dating methods. From
a theoretical perspective, mixing in the disk can occur either
via large scale gravitational instabilities or turbulent diffu-
sion on local scales. The first is extremely effective while the
disk is massive (e.g., Boss 2007). The latter demands a very
detailed understanding of the actual disk physics and cru-
cially depends on still largely unconstrained disk properties,
but can also be efficient when the vertical structure of the
disk is considered due to large-scale radial mixing (Ciesla &
Cuzzi 2006; Ciesla 2007). A detailed review of the mixing
processes within the disk is beyond the scope of this paper,
for further details see Ouellette et al. (2009). For the Solar
System, there is evidence of large-scale 26Al homogeneity
(Villeneuve et al. 2009), even though the discussion is still
ongoing. When the SLRs are mixed into the disk material
before planetesimal agglomeration, they will be incorporated
into the growing bodies.
2.3 Timing and disk dynamics
We assumed that every star forms with a disk of initially
Mdisk = 0.1 M?, which is expected to be the treshold mass
just stable to large-scale gravitational instabilities at the
end of the infall phase (Natta et al. 2000; Williams & Cieza
2011). The initial number of potential planet forming disks
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Figure 2. Time dependent disk model (Hartmann 2009) to cal-
culate the truncation radius Rdisk and total mass Mdisk for a
Solar analogue with M? = 1M. Upper panel: Surface density
for different times. The horizontal dotted line indicates the cut
off density from the density criterion (compare Fig. 3). Lower
panel: Disk mass for different times with the truncation radii
(again from the density criterion) for different times indicated
with vertical dashed lines.
was therefore Ndisk = N?, depending on the cluster size. As
we were interested in the consequences for systems which
finally developed fully fledged planetary systems, we sub-
tracted the stars which might have been subject to violent
transformation due to either disruption by close-by super-
nova (d ≤ 0.1 pc, Adams 2010), truncation by close encoun-
ters with d ≤ 500 AU or photoevaporation from a nearby
O star (d ≤ 0.3 pc for dt ≥ 1 Myr, Scally & Clarke 2001;
Adams et al. 2004; Alexander et al. 2014). Again, we have
chosen these values in a conservative fashion, as not to over-
predict SLR abundances. See Sect. 4.4 for a discussion of
these issues.
The number of stars/disks not violated by these events
was subsequently scaled by a declining distribution, to ac-
count for the decreasing number of observed disks with clus-
ter age (Haisch et al. 2001; Mamajek 2009). To do so, at the
time of each supernova event, the number of disks was de-
creased via the exponential scaling law
Ndisk = N?e
−t/τdisk , (2.3)
with mean lifetime τdisk = 5.0 Myr, corresponding to a disk
half-life time of τ1/2 = τdisk ln (2) ≈ 3.47 Myr. Given that
newest observational estimates are consistent with up to
τ1/2 ≈ 6.0 Myr (Bell et al. 2013; Cloutier et al. 2014), this
is again a conservative approach.
To achieve a realistic estimate of the mixing ratio of the
SLRs with the disk material, we inferred a time-dependent
disk model for the evolution of the surface density (Hart-
MNRAS 000, 1–15 (2016)
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Figure 3. Disk truncation radius Rdisk, calculated from the minimum value of the estimates for momentum stripping, ram pressure
and density threshold (compare Fig. 2). Left: Truncation radius for fixed distance from a supernova and mass of the disk host star.
During the early evolution of the disk the truncation is determined by the amount of ram pressure, whereas from ∼5 Myr onwards
momentum stripping and the density threshold become the limiting factors. Middle: Disk truncation radius for various host star masses.
The kink in the slope for a host star of 0.1M results from the transition from ram pressure dominated truncation to density threshold
truncation as can be seen in the left image. Right: Truncation radii t = 6.6 Myr, the explosion time for a supernova with progenitor
mass MSN = 25M. The truncation radii increase with increasing distance to the supernova, as momentum and ram stripping become
less rigorous, and are capped from the density threshold criterion.
Table 2. List of physical parameters in the numerical N -body model and analytical post-processing routine. Parameters without reference
are further described in Sect. 2.
Parameter Symbol Value Unit Reference
Cluster fractal dimension D 1.6 Goodwin & Whitworth (2004)
Cluster virial ratio αvir 0.5
Cluster fractal radius RF 1.0/3.0 pc
Cluster half-mass radius R1/2 0.3/0.4 pc
Simulation time tsim 10 Myr
Number of stars N? 103/104
Supernova explosion energy Eej 1.2× 1051 ergs Ouellette et al. (2007); Rauscher et al. (2002)
Dust condensation in supernova ejecta ηcond 0.5 Ouellette et al. (2010); Matsuura et al. (2011)
Ejector-disk cross-section capture ηgeom Eq. 2.2 Ouellette et al. (2009, 2010)
Injection efficiency ηinj 0.7 Ouellette et al. (2009, 2010)
Initial disk radius R1 10 AU Hartmann (2009)
Initial disk mass Md(0) 0.1 M? M Hartmann (2009)
Disk alignment θ 60 ◦
Disk viscosity α 10−2 Hartmann (2009); Flaherty et al. (2015)
Disk normalisation temperature T100 10 K Hartmann (2009)
Disk cut-off density Σout 0.03 g cm−2 Ouellette et al. (2007, 2010)
Disk dust-to-gas ratio 0.01
Al concentration in CI chondrites fAl,CI 8.5× 103 µg g−1 Lodders (2003), Tab. 3
26Al/27Al Solar System1 ZAl,SS 5.85× 10−5 Thrane et al. (2006)
26Al decay energy EAl 3.12 MeV Castillo-Rogez et al. (2009)
26Al half-life t1/2,Al 7.17× 105 yr Castillo-Rogez et al. (2009)
26Al radiogenic heating at CAI QAl,SS 1.7× 10−7 W/kg
Fe concentration in CI chondrites fFe,CI 182.8× 103 µg g−1 Lodders (2003), Tab. 3
60Fe/56Fe Solar System, low ZFe,SS 1.15× 10−8 Tang & Dauphas (2012)
60Fe/56Fe Solar System, high ∼ 10−6 Mishra et al. (2016)
60Fe decay energy EFe 2.712 MeV Castillo-Rogez et al. (2009)
60Fe half-life t1/2,Al 2.60× 106 yr Wallner et al. (2015)
60Fe radiogenic heating at CAI QFe,SS 8.325× 10−11 W/kg based on low 60Fe value
Combined radiogenic heating at CAI Qr,SS 1.7× 10−7 W/kg Moskovitz & Gaidos (2011)
MNRAS 000, 1–15 (2016)
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mann 2009) with a flared structure according to
T (R) ∼ 10
(
100 AU
R
)1/2
K, (2.4)
Σ ∼ 1.4 · 103 e
−R/(R1td)
(R/R1)t
3/2
d
(
Md(0)
0.1 M
)(
R1
10 AU
)−2
g cm−2,
(2.5)
td = 1 +
t
ts
, (2.6)
ts ∼ 8 · 104
(
R1
10 AU
)( α
10−2
)−1( M?
0.5M
)1/2(
T100
10 K
)
M yr
−1,
(2.7)
with R the distance from the central star, the ‘initial’ scal-
ing disk radius R1 = 10 AU
2, time normalisation td, scaling
time ts, initial disk mass Md(0) = 0.1M?, disk viscosity pa-
rameter α = 10−2 and normalisation temperature T100 = 10
K. For a detailed description of this model we refer to Hart-
mann (2009). Even though newest theoretical and observa-
tional estimates of the disk viscosity trend towards lower val-
ues, our choice of α = 10−2 reflects a compromise between
the seemingly low values in observed disks (Alexander et al.
2014; Flaherty et al. 2015) and long disk lifetimes for lower
α values in this model.
As the disks became subject to interaction with super-
nova blast waves and could potentially be truncated from
the momentum coupling, we inferred an estimate of the disk
truncation radii during the intersection with the ejecta. In a
simple analytical estimate Chevalier (2000) stated that two
types of mass loss by the interaction with the ejecta must
be taken into account. First, matter may be stripped from
a disk due to the ram pressure of the ejector flow, if the
timescale of the ejecta interaction is longer than the dynam-
ical timescale of the disk. Then, the disk is stripped if the
ram pressure exceeds the gravitational force per unit area
Pgrav ≈ GM?Σdisk/rd, (2.8)
with the gravitational constant G, the surface density of the
disk Σdisk at distance rd. For the case of a constant density
supernova with ejection energy Eej, Chevalier (2000) found
the maximum ram pressure that can be exerted by the ejecta
to be
Pram = 5Eej/(2pid
3
SN), (2.9)
with the distance to the supernova source dSN. Second, in
the case of a rapid interaction of the ejecta with the disk, the
momentum in the ejecta flow pm,ej can cause disk material
to reach escape velocity
vesc = (2GM?/rd)
1/2. (2.10)
Thus, the momentum stripping criterion becomes
pm,ej > pm,disk, (2.11)
Mejvej/(4pid
2
SN) > Σdiskvesc, (2.12)
with vej = (10Eej/3Mej)
1/2. However, Ouellette et al. (2007)
found that these criteria are too restrictive because disks
in interaction with the ejecta become surrounded by high-
pressure shocked gas that cushions the disk and deflects gas-
phase ejecta around it. The associated bow shock deviates
2 This is not a total initial disk radius, compare Fig. 2.
the gas and lowers the effectiveness of momentum stripping
and ram pressure by orders of magnitudes. In their model,
which is inspired by potential Solar System initial condi-
tions, dSN = 0.1pc, M? = 25 AU, and the gas is stripped
beyond the radius with surface density Σ ∼ 0.03 g cm2 at
∼33 AU.
Therefore, we employed a semi-analytical, iterative ap-
proach to calculate the disk truncation radius for each in-
jection event. We began with a time-dependent disk profile
when the supernova explodes and the ejector hits the disk.
An exemplary disk model for the profiles inferred from Eq.
2.5 for a Solar analogue is shown in Figure 2, together with
the surface density threshold criterion from Ouellette et al.
(2007).
For this setup we iteratively computed from inside-out
the ratio of ejecta and disk momentum pm,ej/pm,disk from
Eq. 2.12, compared this with the momentum stripping ratio
for the parameter combination of Ouellette et al. (2007). For
the ram pressure we followed a similar approach, and itera-
tively computed from inside-out the ratio of ejecta ram pres-
sure to the gravitational force per unit area, and compared
this with corresponding ratio calculated from the values in
(Ouellette et al. 2007). Finally, we chose the minimum trun-
cation radius inferred from the momentum stripping, ram
pressure and density cut-off. The disk truncation radius and
thus the final mass of the disk were therefore dependent
on the specific supernova as well as the disk structure. A
demonstration for a subset of parameters is shown in Fig.
3. The supernova explosion energy Eej = 1.2× 1051 ergs, as
was found for SN 1987A (Rauscher et al. 2002). In princi-
ple, this value can vary with progenitor mass, but Ouellette
et al. (2007) found that the differences in mass loss rates
from different values for Eej are insignificant for the energy
range in Woosley & Weaver (1995); Rauscher et al. (2002).
Finally, to calculate mixing ratios and derive heating
values, we assumed Solar-like compositions of all disks, with
a dust-to-gas ratio of 0.01, listed in Tab. 2. We calculated
the ratios for 26Al and 60Fe, derived the ratios 26Al/27Al
and 60Fe/56Fe and from this calculated an initial heating ra-
tio for planetesimals under the assumption of instantaneous
homogeneous mixing and planetesimal formation with chon-
drititic compositions (Lodders 2003). The heating ratio from
radioactive decay of SLRs can be computed from (Moskovitz
& Gaidos 2011)
Qr(t) = fAl,CI
[
26Al
27Al
]
EAl
τAl
e−t/τAl + fFe,CI
[
60Fe
56Fe
]
EFe
τFe
e−t/τFe ,
(2.13)
with the chondritic abundance of Al or Fe fAl/Fe,CI, the de-
cay energy of 26Al and 60Fe, EAl/Fe and mean lifetime of
both radioisotopes, τAl/Fe, respectively. Note that we have
chosen an upper-limit estimate of the initial Solar System
26Al/27Al ratio, as given in Thrane et al. (2006).
If there were more than one supernova event in the sim-
ulation, we calculated the remaining SLR material from the
former supernova event from the isotopic half-life time and
added up the remnant material and the new contribution
from the current supernova. For the statistics derived in in
the results, we accepted the SLR abundance event for each
individual with the maximum heating rate from the com-
bined effect of 26Al and 60Fe. Therefore, our results reflect
the maximum value of SLR abundance each individual sys-
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tem received over the lifetime of the simulation. See Sect. 4
for a discussion of the implications of this.
3 RESULTS
In this section we present the results of our study. First,
in Sect. 3.1, we describe details of the N -body simulations
and discuss the dynamical aspects of the enrichment mech-
anism. Second, in Sect. 3.2 we present the results from the
post-processing of the simulations, deriving predictions for
the distribution of 26Al and 60Fe and resulting radiogenic
heating rates.
3.1 Star cluster dynamics
Figures 4 and 5 illustrate the dynamical evolution of 103
and 104 simulations with different number of stars and clus-
ter morphologies for snapshots at times t = 0, 5 and 10 Myr.
The supernova progenitor stars were randomly distributed
throughout the simulations in the initial conditions. After
t = 5 Myr most clusters underwent some degree of dynam-
ical mass segregation, such that the massive stars resided
at the cluster center or at the center of a sub-cluster struc-
ture (as in the fractal simulation in Figure 4). At t = 10
Myr all of the stars > 19 M have exploded as supernovae,
losing most of their mass and becoming remnant objects,
i.e., a black hole or neutron star. For the enrichment dis-
tribution, as presented in Sect. 3.2, it is very important to
note that the progenitor stars were not perfectly segregated
into the middle of the cluster. Instead, there were often stars
in the outskirts of the cluster, thus enriching stars far away
from the cluster center. The fractal simulations often did not
form radially symmetric density distributions. Following the
erasure of some of the initial substructure they dynamically
evolve into association-like complexes with dense subgroups,
where the massive stars usually reside approximately at the
center of these subgroups (compare Parker et al. 2014b).
Figure 6 illustrates the effect of the cluster morphology
on the spatial configuration of stars with respect to a su-
pernova progenitor star. In this plot we show the shortest
distance dmin of each star in the simulations to a supernova
event for all timesteps. This supernova event was very likely
to determine the enrichment outcome for the specific star as
the enrichment cross-section scales with ∼ d−2 (see Eq. 2.2).
We highlight the ‘disruptive’ zone (dSN < 0.1pc) for circum-
stellar disk evaporation by the shaded red region. If stars
were within this distance of the supernova event they were
classified as disrupted by the enormous energy injection of
the ejecta shock front (Chevalier 2000). Stars in Plummer-
type clusters on average show smaller dmin than their fractal
counterparts. The reason for this is that a Plummer-sphere
relaxes via two-body dynamics only, whereas the fractals ini-
tially relax via violent relaxation (Lynden-Bell 1967), which
leads to more drastic expansion (Parker & Meyer 2012),
and therefore higher dmin values. In total, ∼ 5 − 40 % of
stars lie in the expected zone for high pollution efficiencies
0.1 < dSN < 0.3 pc (Adams 2010).
However, the distance to the closest supernova was not
enough to derive the enrichment distribution. First of all,
as described in Sect. 2.3, the stars may have been subject
to other violent interactions, like perturbations by close en-
counter with other stars or by intense mass-loss due to exter-
nal photoevaporation by nearby O-type stars. We quantify
our analysis of these effects in Tab. 3. In the Plummer-sphere
simulations, low-mass stars were rarely subject to perturb-
ing close encounters. In the fractals ∼ 3 − 4 % of all stars
were subject to these interactions.
Photoevaporation by the aggressive radiation fields of
O-type stars in the clusters, however, turned out to be an in-
fluential mechanism on the survival of disks using our formu-
lation. The fraction of disks subject to potentially evapora-
tive radiation varied from ∼17–79% and strongly depended
on the initial cluster morphology. Here, stars in fractal clus-
ters tended to be less influenced on average, as they spent
less time in photoevaporation zones. Plummer geometries
turned out to be more hostile than fractals, because up to
4 out of 5 stars were potentially affected by photoevapora-
tion. It is worth emphasising that stochastic differences in
the dynamical evolution result in a large spread in these
values between clusters (see also Parker & Goodwin 2012;
Parker et al. 2014a,b).
The very last column indicates the fraction of disks sub-
ject to at least one of the former effects and therefore gives
the reverse of the number of disks we considered as qui-
escent, meaning they did not suffer from close encounters,
ejecta disruption of photoevaporation effects as defined in
Sect. 2.3. These discs could be enriched, if they were not
already dispersed ‘naturally’ (by random drawing from the
declining distribution, see Sect. 2.3) by the time of a super-
nova event. These were the disks for which we derived the
enrichment distribution, as described in the next section.
3.2 Enrichment distribution
In this section we analyse the results for the enrichment
distribution for the quiescent disks from the former section.
Figure 7 shows the enrichment distribution for 26Al and
60Fe in terms of the isotopic mixing ratios ZAl (
26Al/27Al)
and ZFe (
60Fe/56Fe), with the Solar System values indicated
for comparison. These plots demonstrate various findings.
First of all, the 26Al abundance of disks with ZAl & ZAl,SS
varied from ∼3–10 % as a function of simulation type. 60Fe
abundances, however, showed variations between ∼8–28 %
with ZFe & ZFe,SS for the two end-member simulation types.
This was a consequence of our supernova ejecta model, which
assumed isotropic expansion and constant 26Al/60Fe ratio in
the ejecta, which is higher than the Solar System value (see
Sect. 4.3 for a Solar System-focused discussion of this issue).
In general, Plummer morphologies show a lower fraction of
enriched disks than the fractal geometries. This is mostly
because in Plummer simulations the average stellar velocity
relative to the cluster center is slower and therefore stars
reside longer in the inner regions of the cluster. The fraction
of evaporated disks due to photoevaporation is higher and
thus fewer disks survive to be enriched. Additionally, clusters
with N = 103 stars show higher abundances than N = 104
clusters, since in these clusters significantly less O-type stars
were present. Although this decreases the enrichment levels,
the positive effect of less photoevaporation within the sim-
ulations outweighs the negative of the lower number of su-
pernova progenitor stars. Finally, fractal geometries showed
a shallower slope toward higher abundance. This can be ex-
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Figure 4. Two-dimensional projection of the dynamical evolution of example stellar clusters with 103 stars. Stars & 19 M, shown as
triangles, explode as supernovae within t < tsim and are therefore gone at t = 10 Myr. Smaller stars are shown as circles, with color
brightness scaling with stellar mass. Upper panel: Fractal simulation with rcl = 1 pc. The initially highly substructured cluster formed
two separate subclusters after a few Myr of evolution, each containing supernova progenitor stars. Lower panel: Plummer simulation
with r1/2 = 0.3 pc. This simulation retained its spherically symmetric morphology and developed a clear mass segregation signature.
Table 3. Averaged results of the N -body simulations, with the number of of supernova events during runtime NSN, the number of disks
disrupted by supernova Ndisrupt, the number of disks perturbed by close stellar encounters Nperturb, the number of disks potentially
violently altered by photoevaporation of near-by O stars Nevap and the number of disks subject to at least one these effects Ndestroy.
Ndestroy could be lower than the sum of the former three values, as a single disk could be subject to more than one effect.
N? Morphology Rcl or r1/2 [pc] NSN Ndisrupt [%] Nperturb [%] Nevap [%] Ndestroy [%]
103 Fractal 1.0 2.0 ± 1.3 0.6 ± 0.4 3.5 ± 1.6 17.2 ± 8.7 20.3 ± 9.6
103 Plummer 0.3 1.7 ± 1.2 0.6 ± 0.5 0.1 ± 0.1 26.3 ± 15.6 26.6 ± 15.7
103 Plummer 0.4 1.7 ± 1.2 0.7 ± 0.7 0.1 ± 0.1 25.1 ± 13.9 25.4 ± 14.1
104 Fractal 1.0 17.2 ± 4.1 1.5 ± 0.6 4.3 ± 0.9 49.2 ± 8.1 52.3 ± 7.5
104 Fractal 3.0 18.8 ± 4.4 0.9 ± 0.3 3.2 ± 0.8 30.4 ± 6.0 33.1 ± 5.7
104 Plummer 0.3 20.1 ± 4.9 2.9 ± 1.0 0.1 ± 0.0 78.8 ± 3.8 79.1 ± 3.7
104 Plummer 0.4 20.7 ± 4.7 4.1 ± 1.4 0.0 ± 0.0 68.7 ± 3.2 69.2 ± 3.2
plained with the higher diversity in evolved clusters at the
time when the supernova progenitor stars went supernova.
Comparing the morphologies in Figures 4 and 5 shows that
in plummer simulations the stellar density decreased with
increasing distance to the cluster center, with the supernova
progenitors mostly mass segregated in the center. Fractal
geometries could deviate significantly from this, as does the
distribution of supernova progenitor stars. As already dis-
cussed above, the volume in time subject to photoevapora-
tion is enhanced in comparison with fractal simulations and
if mass segregation were perfect, enrichment timing would
become a crucial issue. This was one of the central critique
points of the supernova pollution model by Williams & Gai-
dos (2007) and is attenuated by the results of our fractal
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Figure 5. Two-dimensional projection of the dynamical evolution of example stellar clusters with 104 stars. Stars & 19 M, shown
as triangles, explode as supernovae within t < tsim and are therefore gone at t = 10 Myr. Smaller stars are shown as circles, with
color scaling with stellar mass. Upper panel: Fractal simulation with rcl = 3 pc. The initially highly substructured cluster showed a
complicated morphology with supernova progenitor stars in very dense and less dense regions. Lower panel: Plummer simulation with
rM/2 = 0.4 pc. Although dynamical mass segregation usually leads to the most massive stars residing in the central region, some massive
stars exploded as supernovae in the outskirts of the cluster.
Table 4. Enrichment statistics. All values are scaled to the total number of stars at the beginning of the simulations. fenr gives the
fraction of disks without violent disruption, perturbation or photoevaporation events (compare Tab. 3) and did survive until the first
supernova event within the specific simulation. The next two columns give the average value of <ZAl > and <ZFe > and <Qr> the
resulting average heat inside primitive planetesimals. fQ>SS gives the computed fraction of disks with an average heat higher than the
Solar System.
N? Morphology Rcl or r1/2 [pc] fenr [%] <ZAl > [10
−5] <ZFe > [10−5] <Qr> [Qr,SS] fQ>SS [%]
103 Fractal 1.0 22.9 ± 10.1 3.5 ± 10.4 1.8 ± 6.7 1.2 ± 1.0 6.6 ± 4.6
103 Plummer 0.3 16.8 ± 9.7 6.7 ± 15.8 3.7 ± 10.5 2.3 ± 1.9 9.3 ± 6.2
103 Plummer 0.4 17.4 ± 10.1 6.1 ± 12.9 3.5 ± 8.2 2.2 ± 1.5 10.1 ± 6.8
104 Fractal 1.0 20.3 ± 3.4 9.2 ± 17.1 10.1 ± 18.7 5.7 ± 2.0 12.1 ± 2.4
104 Fractal 3.0 28.3 ± 2.2 8.0 ± 14.7 8.5 ± 16.1 4.8 ± 1.6 16.4 ± 3.2
104 Plummer 0.3 8.9 ± 1.6 15.7 ± 22.2 17.0 ± 24.2 9.3 ± 2.8 7.0 ± 1.4
104 Plummer 0.4 13.3 ± 1.6 23.6 ± 30.6 24.8 ± 32.0 13.9 ± 3.9 11.6 ± 1.5
simulations, where the issue of a star being in the ‘right’
zone is strongly alleviated.
Table 4 summarizes our quantitative results for the en-
richment distributions, with fenr the fraction of enriched
disks surviving disruption, perturbations, evaporation and
dispersion until at least on supernova event has occurred,
the average values for ZAl and ZFe and corresponding heat-
ing value in chondritic material <Qr>. fQ>SS indicates the
fraction of disks with a higher heating value than the So-
lar System’s initial value (compare Table 3). The trends
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Figure 6. Cumulative minimal distances to a supernova event
during tsim time for each star in simulations with at least one
event. Stars within the red zone were within 0.1 pc of a supernova
and could potentially have their disks destroyed, so we subtracted
them from the enrichment analysis. On average, stars within 104
star-clusters lay closer to supernova progenitors than to stars in
103 star-clusters. Furthermore, fractal morphologies increased the
average distance in comparison with Plummer type clusters.
discussed for Figure 6 can be confirmed from the average
values.
The value of Qr, derived from the combined heating,
bridges the gap from the enrichment to the physics of form-
ing planets. Figure 8 shows the distribution of initial heating
from SLRs among different systems at the time of injection
for perfectly effective mixing (no time delay between injec-
tion and homogeneous distribution in the system). Two fea-
tures can be extracted from the histograms. First, 103 clus-
ters show median heating rates around the Solar System
value. This means, that if a system was enriched, it was most
likely to bear similar heating as Solar System planetesimals
at CAI. Second, 104 simulations showed an excess in heat-
ing, their peaks are shifted to higher enrichment and thus
heating levels. This dichotomy was grounded in the number
of supernova events in a simulation. If a system was enriched
in a 104 simulation, then it was likely to experience multi-
ple enrichment events and from more massive stars, whose
ejecta carried more SLRs with them.
4 DISCUSSION
In the following we discuss and interpret the outcome of
our analysis. In Sect. 4.1 we focus on global aspects of the
derived distribution dichotomy, with potential effects on the
planet formation process and the global planet population
in Sect. 4.2, while in Sect. 4.3 we compare our results with
earlier work with regards to the enrichment mechanism of
the Solar System. In Sect. 4.4 we discuss the limitations and
uncertainties of our study.
4.1 Enrichment distribution
As indicated in Sect. 1, the implications of the abundance
levels of SLRs are numerous, as they dominated the inter-
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Figure 7. Inverse cumulative 26Al and 60Fe yield distributions
for stars in clusters, derived in terms of isotopic mixing ratios ZAl
(26Al/27Al) and ZFe (
60Fe/56Fe) within disks of initially Solar
compositions. The vertical dotted line shows the Solar System
values. ∼3–10 % of disks have a similar or higher 26Al abundance
to the Solar System. For 60Fe the abundance was typically higher,
with ∼8–28 % of disks bearing ZFe & ZFe,SS.
nal heat budget of planetesimals from ∼10–1000 km in the
first few Myr after CAI formation in the Solar System. Our
results in Tab. 4 and Fig. 8 hint on an SLR distribution
dichotomy in forming planetary systems. Enriched systems
are very likely to bear high concentrations of SLRs and the
derived heating value for the early System is by no means
the upper limit in those systems. Therefore, if a system is en-
riched, the heating rate from SLRs Qr can be several orders
of magnitude higher than in the Solar System. Such extreme
heating values are unknown from Solar System studies and
the full implications remain elusive. As well as the enriched
systems, we find a large fraction of systems with zero enrich-
ment. This is partially based in our simplistic acceptance
criteria for disrupted or photoevaporated systems (see Sect.
4.4), but in general agrees with statistical distributions from
other studies (Gaidos et al. 2009; Gounelle 2015).
Given the frequency distribution of star clusters as a
function of mass, we expect equal contributions at logarith-
mic mass intervals to the total mass in stars in the Milky
Way galaxy (e.g., Lada & Lada 2003). In other words, star
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Figure 8. Maximum radiogenic heating in planetesimals in en-
riched systems directly after injection of supernovae ejecta. The
vertical dotted line indicates the Solar System value. If a sys-
tem was enriched via supernova pollution it was likely that plan-
etesimals in there experienced stronger heating than in the Solar
System.
forming events with richness 10-100 M contribute as much
as events with 104–105 M. We expect these smallest events
(∼20 % of star forming events) to suffer no SLR enrichment
at all. Events 100-1000 M might contain some stars that
experience enrichment. And star clusters 104–105 M (∼20
% of Population I star forming events) will certainly produce
some stars with even greater SLR enrichment. However we
expect the dichotomy we observe here to persist when av-
eraged over all star forming events in the Milky Way: most
stars will suffer no enrichment, but the minority that do,
will often suffer levels of enrichment much higher than that
inferred for our Solar System.
4.2 Implications for planet formation and
population synthesis
A multitude of implications for varying levels of SLRs
was already envisioned in the literature. For instance, non-
negligible SLR abundances can provide an energy source for
ionizing ambient disk material (Cleeves et al. 2013). If the
flux from cosmic rays is suppressed by stellar winds, SLRs
can in fact be the dominant contribution to the ionization
rate present and thus be crucial for the angular momen-
tum transfer via the magnetorotational instability (Balbus &
Hawley 1991). Therefore, disk evolution could be fundamen-
tally different in the two end-member states of our derived
SLR distribution dichotomy, which would affect the internal
dynamics and the planet formation process as a whole.
Once accreted, the temperatures in the earliest plan-
etesimals, bearing noteworthy SLR abundances, rise and in-
terally stored volatile species become subject to melting pro-
cesses. If, however, early Solar System objects transformed
substantially due to SLR heating (see Ciesla et al. 2015,
and references therein), then planetary systems with much
higher SLR concentration would be altered fundamentally,
potentially losing a high fraction of internally stored volatile
species, such as water in the form of hydrated silicates, by de-
gassing and other mechanisms. Comparable to Gaidos et al.
(2009), however due to fundamentally different mechanisms,
we find Solar System levels of SLR enrichment were typical
for enriched systems. The chemistry and thermo-mechanical
evolution of small accreted planetary objects further alters
hydration reactions and the formation of serpentinites and
thus the synthesis processes of potential seeds for life, such
as organic compounds like primitive amino acids (Abramov
& Mojzsis 2011; Cobb & Pudritz 2014; Cobb et al. 2015;
Lichtenberg et al. 2016).
In addition to the initial abundance of SLRs, the for-
mation time and orbital separation relative to molecular ice
lines (e.g., O¨berg et al. 2011) likely determine the primordial
composition and heat generation within planetesimals. In
the Solar System, the initial conditions determined thermal
metamorphism, aqueous activity and abundance of volatiles
in these bodies (Doyle et al. 2015). Thus, the volatile com-
ponents of finally assembled planets in the distribution of
planetary systems may vary significantly. These species, like
water and carbon dioxide, have a disproportionate influence
on the processes such as planetary differentiation and hab-
itability (Sotin et al. 2007; Fu et al. 2010; Alibert 2014).
In particular, the initial water content crucially alters the
solidification of planetary mantles during the magma ocean
phase and degassing pathways, which determines the atmo-
spheric composition and ocean depth to a great degree (Abe
& Matsui 1985; Elkins-Tanton 2011). Theoretical models
show that excess water concentrations could result in ex-
tremely volatile rich system architectures (Ciesla et al. 2015;
Mulders et al. 2015; Sato et al. 2016) and would likely al-
ter the conditions for habitability (e.g., Abbot et al. 2012;
Cowan & Abbot 2014; Schaefer & Sasselov 2015; Noack et al.
2016). In conclusion, we envisage that our findings indicate
a fundamental difference between volatile rich (low initial
SLR content) and volatile poor (high initial SLR content)
planetary systems with crucial implications for the planetary
populations in these systems.
4.3 Solar System enrichment
Our findings offer new insights into the SLR enrichment
channel of the Solar System and can rule out and/or sup-
port certain arguments used in the literature for and against
specific enrichment channels.
The 60Fe abundance is still a much-debated issue and
laboratory experiments diverge by more than two orders
of magnitude from ∼10−8–10−6 (Tang & Dauphas 2012;
Mishra & Chaussidon 2014; Mishra et al. 2016). The abun-
dance (or simply, the existence) of 60Fe is, however, of fun-
damental importance for the enrichment of the Solar Sys-
tem via direct disk pollution (the model featured in this
paper) and triggered star formation (as in Gritschneder
et al. 2012; Boss & Keiser 2015) as the 26Al/60Fe ratio in
supernova models differs greatly from the 26Al/60Fe ratio
in the Solar System. In the formulation used in this pa-
per, we assumed that all supernova yields were transported
outwards via isotropic and homogeneous ejecta. This is un-
likely, as revealed by observations (e.g., Lopez et al. 2009;
Hwang & Laming 2012) and potential inhomogeneities and
anisotropies (for example, via clumps) could have played a
fundamental role in enriching young Solar Systems (Ouel-
lette et al. 2010; Pan et al. 2012). Additionally, recent theo-
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retical models of nucleosynthesis in massive stars still suffer
from uncertainties in critical nuclear physics (Woosley &
Heger 2007). Therefore, current estimates for the produc-
tion of SLRs in supernovae and Wolf-Rayet winds must be
treated with caution, as the divergence in the models is large
enough to account for most of the deviation of Solar System
values from the predicted values. Because of these uncer-
tainties, the enrichment by one (Cameron & Truran 1977)
or more (Bizzarro et al. 2007) supernovae by any channel
cannot be ruled out.
Chronometric dating of U-corrected Pb-Pb absolute
ages of chondrules (Connelly et al. 2012) and paleomagnetic
measurements of angrites and Semarkona chondrules (Wang
et al. 2015) suggest a lifetime of the Solar protoplanetary
disk of ∼ 4 Myr. During the earliest stages (t ≤ 0.3 Myr) the
26Al/27Al ratio was likely heterogeneously distributed (Krot
et al. 2009, 2012), but may have rapidly approached the so-
called canonical value of 26Al/27Al≈ 5×10−5 due to efficient
mixing processes, which is often used as an argument for
self-enriched molecular cloud models (e.g., Vasileiadis et al.
2013; Kuffmeier et al. 2016).
However, it remains controversial whether such models
are consistent with the observed absence of significant age
spreads in young star forming regions (Reggiani et al. 2011;
Jeffries et al. 2011; Cottaar et al. 2012). In general, massive
star formation in young star-forming regions is found to be
rapid (Elmegreen 2000), both in simulations (Bonnell et al.
2003; Dale et al. 2012) and observations (Soderblom et al.
2014). This underlines the importance for considering intra-
cluster enrichment processes.
As we have shown in this study, the likelihood of enrich-
ing planetary systems on the level of the Solar System is very
common among enriched systems. Additionally, our model
results differ from those of Williams & Gaidos (2007) and
Gounelle & Meibom (2008), which conclude that supernova
polluted systems were a rare event, even when corrected
for photoevaporation and co-evolution of low and high mass
stars. Moreover, the enrichment levels for 26Al differ by up
to one order of magnitude from those in Williams & Gaidos
(2007). For this, we identified two main causes. First, in the
model by Williams & Gaidos (2007) massive stars were as-
sumed to be entirely mass segregated in the cluster center.
Therefore, the enrichment of planetary systems was limited
to a very narrow zone around the cluster center, such that
timing became a crucial issue. Even though timing played a
role in our models as well, the limitations were much less se-
vere, as massive stars could be found in the cluster outskirts
as well, due to dynamical evolution and thus the possible
volume/zone of enrichment was greatly enhanced. The ma-
jor effect could be seen in the deviations between fractal and
Plummer geometries in our simulations. Second, Williams &
Gaidos (2007) used a much smaller disk lifetime, barely in
accordance with recent estimates (Cloutier et al. 2014).
In summary, we conclude that the enrichment chan-
nel of the Solar System is anything but clarified and needs
further investigation. Especially, hints on potential hetero-
geneities or late-stage injections in 26Al and 60Fe levels in
meteorites (like FUN3 CAIs, which exhibit non-radiogenic
3 Fractionation and Unidentified Nuclear isotope properties
(Wasserburg et al. 1977).
isotope abundance anomalies and contained little or no 26Al
at the time of their formation; e.g., Thrane et al. 2008) could
open up new ways to derive the enrichment history of the
Solar System (Quitte´ et al. 2007; Makide et al. 2011; Mishra
et al. 2016) and need to be synchronized with astrophysical
injection mechanism channels, taking into consideration fur-
ther aspects, like the direct injection of winds from massive
stars into protoplanetary disks.
4.4 Limitations
In this section, we discuss potential limitations of our study.
We divide this discussion into two parts: first, we discuss
limitations with regards to the simulations and the choices
regarding the stellar parameters; second, we focus on the
disk properties and our assumptions regarding the planetary
growth process.
To begin with, we were not able to account for poten-
tial age spreads in star formation and cannot investigate
triggered star formation scenarios. However, we note that
measurements of stellar ages so far are consistent with age
spreads up to the order of . 2 Myr (Reggiani et al. 2011;
Jeffries et al. 2011; Cottaar et al. 2012). These limit the
reach of triggered star formation (Pan et al. 2012) and thus
triggered enrichment in general (Dale et al. 2015; Parker &
Dale 2016) but in turn could even enhance the likelihood
of supernova pollution, when massive stars can be formed
earlier than low-mass stars.
Our simulations did not contain any primordial binary
stars, whereas the initial binary fraction in star formation
could be high (e.g., King et al. 2012; Daemgen et al. 2015).
In general, binary stars should be subject to supernova pol-
lution as well. This, however, would demand a much more
complicated treatment of the disk dynamics, hence we ne-
glected it in this study.
As discussed in Sect. 4.3, the supernova ejecta were as-
sumed to expand isotropically and homogenously. This lim-
ited our ability to predict the outcome of specific planetary
system. Thus, we did not derive predictions for single, iso-
lated systems. Instead, we focused on statistical predictions
of a large ensemble of stars. As the total mass output for su-
pernova models and the 26Al/60Fe ratio in ejecta are in rel-
ative agreement between theoretical models (Rauscher et al.
2002; Limongi et al. 2000), we argue that the averaging pro-
cess corrected for the uncertainties in predictions for single
systems and thus our averaged predictions in Tab. 4 were
not affected. Furthermore, we assumed a dust condensation
efficiency of 0.5, which can be subject to changes. However,
as discussed in Sect. 2.2, there is recent evidence for very
high condensation efficiencies (Matsuura et al. 2011) and
hence we believe this estimate to be reasonable.
As found by many authors (Johnstone et al. 1998;
Sto¨rzer & Hollenbach 1999; Scally & Clarke 2001; Adams
et al. 2004) photoevaporation from O-type stars in stellar
clusters can severely alter the structures of planet forming
disks and potentially even destroy disks completely. John-
stone et al. (1998) give a disk truncation timescale of ∼ 106
yr within d ∼ 0.3 pc around O-stars, calibrated using θ1
Ori C in the Orion Nebula Cluster Trapezium system. Re-
cent models have the capability to accurately calculate disk
structures and mass outflows from low to mid background
radiation fields (Facchini et al. 2016), which could be used
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to elaborate on this issue. With the parameters chosen we
are confident that the disks left in our enriched ensemble did
not suffer massive outflows by photoevaporation.
This leads to the time dependent evolution of the pro-
toplanetary disks in our models. We chose the classic α
viscosity disk model by Hartmann (2009), which is consid-
ered a quasi-standard in the literature and is widely used
in observational and theoretical modeling of planet forming
disks. Recently, however, doubts about the nature of angu-
lar momentum transfer in disks and the physical cause for
disk dispersal have arisen (Alexander et al. 2014). An ad-
ditional caveat closely related is that circumstellar disks in
our model dissipate on comparable timescales independent
of stellar mass. In fact there is clear evidence that circum-
stellar disks around higher mass stars dissipate more rapidly
around stars of higher mass (Hillenbrand et al. 1998; Carpen-
ter et al. 2006). While one is tempted to assume that char-
acteristic disk lifetimes depend linearly on star mass (quali-
tatively consistent with available evidence) future work will
quantify this relationship and enable a more sophisticated
population model than assumed here.
The disk disruption and disk truncation due to super-
nova feedback and momentum stripping and ram pressure
by supernova ejecta demand more detailed modeling in fu-
ture work. The values used in this work were derived with
the enrichment of the Solar System in mind (Chevalier 2000;
Ouellette et al. 2007, 2010) and are therefore not perfectly
transferable to other types of disk structures and stellar pa-
rameters. We accounted for that by extrapolating these find-
ings to other disk parameters, however, more detailed mod-
eling is necessary to find robust criteria for disk stripping
and mass loss by supernova ejecta.
Finally, the derived heating values reflect the maximum
enrichment of a single system, which may be asynchronous
to solid condensation and thus incorporation into planetesi-
mals and other planetary precursor material. Therefore, the
values in Sect. 3.2 can be seen as maximum or ‘initial’ val-
ues for enriched systems. However, this did not affect the
number of enriched systems in total and demonstrates that
enrichment levels can reach extremely high values in com-
parison with the Solar System.
5 CONCLUSIONS
The supernova pollution of forming planetary systems with
SLRs has the potential to crucially alter the growth, inte-
rior evolution and volatile budget of terrestrial planets. We
have conducted numerous N -body simulations of the evo-
lution of young star clusters of sizes comparable to the So-
lar birth cluster (103–104 stars) with varying morphology
and realistic stellar evolution. From these we have derived
SLR enrichment levels for circumstellar disks struck by su-
pernova ejecta, which are not affected by shock front dis-
ruption, dynamical encounters or intense ambient radiation
fields. For these system we calculated initial heating values
from radioactive decay under the assumption that planetes-
imals form soon after the enrichment event. Our conclusions
can be summarized as follows:
• The potential planetary systems exhibited a wide range
in their SLR abundances: ∼10–30% of all systems were en-
riched, bearing high SLR levels, whereas many systems had
negligible or zero abundances.
• Among enriched systems, Solar System SLR enrichment
levels were common. However, we do not exactly match the
Solar 26Al/60Fe ratio, which is a consquence of our assump-
tion of isotropic and homogenous supernova ejecta.
• The most extreme heating values could be several orders
of magnitude higher than those for the Solar System at CAI
formation.
We argue that significant SLR levels can have impor-
tant influence on the early and long-term evolution of plan-
ets by altering interior thermo-mechanical evolution and the
volatile budget. These mechanisms may crucially determine
exoplanet observables, like atmospheric abundances or ra-
dius, and habitability and could be reflected in the global
galaxy populations.
Future investigations will improve the link between pho-
toevaporative mass loss with stellar winds and more refined
disk models. Furthermore, advanced understanding of melt
migration and volatile degassing in planetesmals and plane-
tary embryos with varied radiogenic heating rates is needed
to quantify consequences for the terrestrial planetary assem-
bly.
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